A study at a replicated logistics workplace examines whether the Respiratory Exchange Ratio (RER) can be used to analyze stress during lifting operations by using a mobile cardiopulmonary exercise testing (CPET)-system. Based on previously conducted task analyses in the field of manual handling, an appropriate experimental design was developed where both the package weight (0 kg, 6.5 kg, 13 kg) and the type of movement (bending-to-stretching, stretching-to-bending, normal-to-normal) are varied. To test the plausibility of the RER, relative oxygen consumption (V'O 2/kg ), the heart rate (HR) as well as subjective data (Borg RPE scale) are used.
Lifting tasks in production and logistics

Problem statement
Even in the 21 st century, the working conditions of load-lifting workers cannot be regarded as optimal in the field of logistics, production and service. In particular, processes involving the lifting and carrying of high amounts of weight represent a high load on the human body. Regarding this, statistics from the Federal Institute for Occupational Safety and Health (BauA) show that extrapolated 7.6 million people in Germany have to handle heavy loads manually and more than half of them feel stressed as a result [1] . Task analyses in the field of manual picking or postal logistics have exemplarily shown that these manual activities are associated with the lifting and carrying of loads at an average weight of 6.5 kg and a maximum permitted weight of 31.5 kg.
In the literature, these high physical loads associated with bad posture are seen as a reason for disorders of the musculoskeletal system [2] , which are again connected to a premature entry into the disability [3] .
Motivation
As part of the demographic change, the aim of numerous research institutes is to counter this problem. An overview of the current state of research in assistance systems for the manual handling of loads in the field of logistics is summarized, for example, in [4] and [5] . In September 2013, the Institute of Ergonomics at the Technische Universität München (TUM) started the three-year project "Lifting Aid -Development and verification of body-worn lifting equipment for work support" (in German: "Hebehilfe -Entwicklung und Verifikation einer am Körper getragenen Hebehilfe zur Arbeitsunterstützung") together with five project partners from the industry and research sector. The project is funded by the German Ministry for Education and Research (BMBF) and aims to develop a body-worn lifting aid that can be optimally adapted to the anatomy of the human body in order to compensate for declining physical abilities and thus contribute to the health prevention of musculoskeletal disorders (MSDs). As part of this, the question arises how the evidence of stress reduction by such assistance systems for the manual handling of loads can be furnished. First approaches show the use of the Cardiopulmonary Exercise Testing (CPET)-method for the analysis of lifting activities already in conjunction with support systems because lifting activities are not only musculoskeletal stressful, but they also affect the cardiovascular system [6] and ventilation in the human body [7] . A study conducted at the Institute of Ergonomics, with the use of a Cardiopulmonary Exercise Testing (CPET)-system in a lifting situation, should provide findings on how the Respiratory Exchange Ratio (RER) can be used for the analysis of stress. The RER, as a ratio of carbon dioxide output to oxygen consumption, would allow for easier handling and a more efficient evaluation due to its dimensionless nature. Using a corresponding scale, a faster statement concerning stress during physical activity can be made.
Related work -A literature review
A first comparable study was conducted by [8] in 1950, by examining different types of occupational areas. Oxygen consumption of the test persons was measured by using a Douglas bag and a respiratory gas meter. From these values, [8] concluded the energy demand and finally graded the working activities due to their severity. But there are also some current studies that determine the physical stress of different working activities by analyzing respiratory parameters.
Initial analyses investigating different lifting activities by using the cardiopulmonary exercise testing have been carried out by [9, 10] . In the first study, four male participants had to lift symmetrical different weights (0.91 kg, 6.82 kg, 22.73 kg, 36.36 kg) from the ground to a height of 60 cm and vice versa for four minutes in each case [9] . The oxygen consumption, respiratory minute volume and heart rate were compared with results that were measured on a bicycle ergometer [9] . In the second investigation, the physical exertion was extended to 60 minutes [10] ; however, because of the small number of participants, the results of both studies must be treated with some reservation. A similar investigation to [9] was carried out by [11] . The physiological results from measurements during lifting activities have been compared to those of a treadmill analysis. In both, a step protocol was used and, therefore, the weight was increased by 2.5 kg every two minutes up to a maximum of 24 kg. During the study, the heart rate, oxygen consumption, respiratory minute volume and respiratory exchange ratio from ten male forestry workers were considered [11] . [12] analyzed the development of respiratory parameters during lifting activities, whereby the lifting task lasted for 11.5 minutes.
There has also been research work aiming to reduce the physical stress of lifting activities carried out for some time now. [13] concentrated on the analysis of nurses during patient transport. A body-worn lifting aid is used, mainly to reduce the strain of the spinal column. Also, the research group around [14] is engaged in the development of the body-worn lifting aid PLAD (personal lift assistive device), which can be generally applied to a wide range of different working activities. The influence of the PLAD on the oxygen consumption while performing lifting activities for 15 minutes was analyzed by [15] . Therefore, the 15 male participants had to lift a load from the floor to a level at half of their body height and lower that load vice versa at a frequency of six movements per minute. This task was carried out both with and without a supporting device, whereby the test persons could choose the individual sequence of lifting movements without any limitation (squat lifting or stoop lifting). From the cardiopulmonary parameters, the study focused on oxygen consumption and heart rate [15] . In 1996, comparable research work that concentrated on the usage of a supporting system for lifting activities was carried out by [16] . Eight male participants were asked to perform six symmetrical lifting tasks both with and without support. Therefore, weights with 7 kg and 14 kg had to be lifted from the ground to a height of 76 cm at different frequencies (3, 6 and 9 lifting movements per minute). After each 15-minute test part, the subjective stress level was defined by using a Borg RPE scale (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) and the participants rested for 30 minutes in order to regenerate. The respective kind of lifting movement could be chosen freely, depending on what was the most comfortable and appropriate for each task [16] . Both studies from [15] and [16] , however, came to the conclusion that the usage of a lifting aid shows no significant influence on oxygen consumption. Does that mean that the assistance systems do not support the manual handling process or that the CPET-method is not sensitive enough to obtain differences? The object of the research is also to clarify this fact.
Method
Test environment -Workplace and weights
The research study dealing with the analysis of lifting movements by cardiopulmonary exercise testing was performed at a replicated logistics workplace at the Institute of Ergonomics (TUM). For the project "Lifting Aid", an appropriate task analysis has already been carried out and published by [5] . The results obtained can be used to recreate a logistics workplace including three storage shelves at different heights (see Figure 1) .
So that the participants perform comparable movements, adhesive tape is used to mark the correct positions, where the handled weights must be placed or picked up from. Furthermore, numbers are applied to specify the correct order of the lifting motions. The distance between the opposite storage shelves is to be 150 cm, according to ergonomic regularities. There is also a chair provided that is used by the test persons during their resting phases.
During the experiments, video recordings are made with a GoPro Hero 2 to retrospectively clarify any irregularity that could potentially occur potentially when analyzing the measured values. In order to get different physiological load levels within the lifting movements, size four packages (dimensions: 34x32x18 cm) from the German dispatch service provider, DHL-Express, and varying weights are used. The three weights were chosen due to the already mentioned task analysis and can be seen in Table 1 .
Task
During the test, the task of the participants includes the lifting and carrying of defined weights (0 kg, 6.5 kg, 13 kg) from a given starting point to a predefined end position. Therefore, the different heights and movement patterns used are given in Table 2 . The subjects were free in the execution of the lifting movements. In the literature, it can be seen that only symmetrical lifting movements were investigated so far. Due to the fact that symmetrical lifting movements almost do not exist in reality, every movement pattern contains a 180-degree body rotation. 
Instruments and measurement systems
CORTEX MetaMax®3B: For the analysis of the respiratory parameters, the mobile system for cardiopulmonary exercise testing, the MetaMax®3B from CORTEX Biophysik GmbH (Leipzig/Germany), is used. The system works with the breath-by-breath method and the whole device including the breathing mask can be fixed to the user's body. With a gas sample line, small parts of the breathing gases are transported to the basic system and analyzed there. Very important during the test is the possibility to set markers on the basic system. By doing this, the start and end of the respective lifting task can be recorded within the evaluation software. Before each test, a calibration of the measurement system is carried out. CORTEX MetaSoft®Studio: The cardiopulmonary exercise testing and add-on data evaluation is carried out with the measurement and evaluation software, MetaSoft®Studio (CORTEX Biophysik GmbH, Leipzig/Germany). With the system, an export of the data is possible. This allows for further and more detailed data evaluation by using Excel 2010 and SPSS (see chapter 4). Polar® heart rate sensor: For the measurement of heart rate, a Polar® heart rate sensor is used. The system is fixed to the user's body with a special chest strap. It can be integrated into the MetaSoft®Studio system as a peripheral device, which makes a synchronous evaluation of respiratory gases and heart rate possible. Demographic questionnaire: At the beginning of the testing procedure, the participants have to fill out a general questionnaire. This contains anthropometric data like age, gender, height and weight, which are essential for the evaluation of the spiroergometric results. With them, it is possible to calculate different parameters for the performance assessment [17] . Furthermore, information about occupation, fitness level and sport activities is collected. Borg RPE scale: For the subjective evaluation of the stress level, the Borg RPE scale is used [18] . One advantage of it is the good comparability to parameters like oxygen consumption or heart rate [19] . Further benefits are easy handling and high acceptance. The scale starts with 6 for no exertion at all and ends with 20 with an exertion that is no longer feasible.
Test procedure
After the arrival of the participants, the test procedure starts with a greeting and a small introduction to the study. While doing this, the participants are asked to eat a MARS® candy bar with a weight of 45 g and a caloric value of 202 kcal (Mars Incorporated, 2014) [20] . The aim is to get a comparable blood sugar level for all test persons. This is important because, with the RER, it is possible to analyze the nutrient decomposition [21] . Finally, the test participants fill in a consent form to participate voluntarily.
After this, the measurement systems can be attached to each test person. First of all, the chest strap of the heart rate sensor is fixed and moistened for better contact to the skin. Then, the mobile system for cardiopulmonary exercise testing is mounted to the participant's upper body by using a special carrying belt. The breathing mask is positioned as comfortably as possible and also fixed with a strap to the attendee's head. At the end, the correct assembly of the volume sensor and gas sample line must be checked. During the next five minutes, the test persons acclimatize with the device and, at the same time, the participants fill out the general questionnaire.
Finally, the actual measurements in MetaSoft®Studio can be started. The participant begins with three minutes sitting on the provided chair to get his resting values, which will later function as reference data. Then, nine different test parts are carried out in a randomized order. Thereby, the weights (0 kg, 6.5 kg, 13 kg) and movement patterns (BS, SB, NN) are varied and the start and end of each lifting task are recorded in the system by setting markers. For each combination of weight and movement pattern, the test part consists of three repetitions. After each lifting operation part, there is a resting phase of 3 minutes, during which the subjective evaluation of the stress level with the Borg RPE scale is carried out. Therefore, the test person points to the corresponding number on the scale while the examiner writes it down. This special procedure is chosen because the participant is not allowed to speak during the measurements so that the respiratory results are not affected.
The study ends again with a 3-minutes resting phase, after which all the measurement devices can be removed and the test person released. Altogether, the whole experiment lasts about 60 minutes for each participant.
Data collection and statistical data analysis
Within the conducted study, the influence of different package weights within the same movement pattern on the four considered spiroergometrical parameters (oxygen consumption V'O 2/kg [ml/min/kg], heart rate HR [1/min], respiratory exchange ratio RER [-] and Borg RPE scale) is examined. A special focus is placed on the RER and its usability for such analysis. As already mentioned in chapter 3, the measured values are recorded with the breath-bybreath method. For the evaluation, the data recorded during the actual lifting operations as well as the ones from the subsequent resting phase are used. This means that the average or maximum value for the statistical data analysis is calculated over the duration of the lifting movement and the subsequent resting period. The first reason for this decision is that, because of the small number of repetitions within one test part, only a few respiratory values can be recorded. Furthermore, the accumulated oxygen deficit, which must be repaid after the physical exertion period (see [22] ), should also be part of the evaluation, according to the authors. By choosing the period of 3.5 minutes for data analysis, not only the body's response under load is used for evaluation, but also the subsequent resting phase.
After the measurements, all recorded values are prepared with the help of MetaSoft®Studio and Microsoft Excel 2010. Afterwards, the data is statistically analyzed with a one-way repeated-measure ANOVA using the software SPSS (Version 22, IBM Corp). The Mauchly's test is performed in order to check for sphericity and, if necessary, the Greenhouse & Geisser correction is used. For each test, the normal Gaussian distribution is assumed and the post hoc tests are carried out according to the procedure of Bonferroni.
Results
Test subjects
The study included a total of 26 test subjects, but only a group of 21 test persons could be used for analyzing. With a concentration of an age distribution in the age group of "21-25", a mean age of 26.5 years (SD = ± 8.2) resulted. The youngest participant is 19 and the oldest 51 years old. With six people (29%), more than a quarter of the test subjects participating in the study are female. With regard to body size, the subjects have an average height of 175.7 cm (SD = ± 9.8).
One subject had a mild form of asthma, but that does not interfere with sport activities or other stresses. Two smokers participated in the study. To determine the training level of the subjects, both the physical condition and the frequency of sport per week were asked in the demographic questionnaire. In this case, most of the participants do sports 2-3 times per week. This can be compared with the training level of an employee involved in load handling.
Objective data (V'O 2/kg , HR, RER)
Relative oxygen consumption V'O 2/k g [l/min/kg]
For reasons of comparability between the individual test subjects, relative oxygen consumption (V'O 2 /kg ) based on the participant's body weight is used. Within the three forms of movement, the results show an increase in average oxygen consumption (Mean_V'O 2 /kg ) with increasing weights. By using the introduced procedure in chapter 4, significant differences in average oxygen consumption Mean_V'O 2/kg are achieved in a one-way repeatedmeasure ANOVA for all different package weights described above within a form of movement. Table 3 presents the results of the statistical analyses. Also, the post hoc tests show a significant result for every condition at a significance level of -a). It is also appreciated that during the movement "Bending-to-Streching", the highest oxygen consumption is achieved, followed by the movements "Streching-to-Bending" and "Normal-toNormal". 
Heart rate HR [1/min]
For values of the maximum heart rate (Max_HR), the same trends occur in consideration of oxygen consumption based on body weight. Within the different types of movement, an increase in heart rate towards higher package weights can be seen. The analysis of variance with repeated measures shows, in all cases, a significance of p < .05 between the different package weights. Table 3 and Figure 2 -b show detailed values of the statistical analysis.
Respiratory Exchange Ratio RER [-]
Neither the average value (Mean_RER) nor the maximum value of the Respiratory Exchange Ratio (Max_RER) show meaningful results within the lifting movements. In the subsequent analysis of variance, the Max_RER shows no statistically significant result in the types of movements. In contrast, in all cases considered, the p-values of Mean Based on the results of the analysis of variance, the post hoc test, according to Bonferroni, is only considered for the average RER (Mean_RER). The results can be seen in Figure 2 -c.
Subjective data (Borg RPE scale)
Subjective assessment of stress according to Borg RPE scale
The increase in perceived stress at higher package weights confirms the results of the objective data for oxygen consumption and maximum heart rate. The following significant results are achieved: BS (F ( post hoc Bonferroni tests give conclusive results. In all nine comparisons, a significance of p = .000 is achieved (Figure 2-d) .
Discussion
This study was carried out to obtain scientific findings regarding the use of cardiopulmonary exercise testing in the field of work activities. In particular, the applicability of the dimensionless parameter RER was examined. As it can be seen in the results and in Figure 2 , oxygen consumption in addition to the evaluation of heart rate is one of the most important and most suitable parameters for stress analysis [see also 23] . The subjective data to assess stress -recorded using the Borg RPE scale -confirms these objective values. Consequently, these parameters offer the possibility of reviewing the reasonableness of calculated results for the RER. However, the RER only gives unsatisfactory results at a load period of three repetitions for the different types of movement and package weights. Figure 2 -c shows a lowering effect of the RER-value while the load increases. One possible reason for this could be that the RER reacts relatively slowly compared to a load [24] , and a load of three repetitions is too short and too small. This suggests that, in such a small load duration, the RER is not sensitive enough in comparison to oxygen consumption and heart rate, and cannot be used for a statement regarding the stress in this case.
Conclusion and outlook
Even the literature review has shown that the application of cardiopulmonary exercise testing in the field of performance analysis is explored in much more detail than in the field of occupational ergonomics. The problem is the transfer of knowledge, since the load types and heights differ enormously. In order to clarify the requirements that a load must have to be used for the analysis of stress using the RER, further studies are needed that counteract the RER with a higher number of repetitions. Since a comparison of results from the literature in the field of lifting and carrying activities in production and logistics is almost impossible due to the different approaches, the Institute of Ergonomics (TUM) is developing a standardized method for the collection and analysis of data by using the CPET-system.
